The integrity of the genome relies heavily on the ability of DNA polymerases to efficiently catalyze selective DNA synthesis in a template-directed manner during DNA replication, repair and recombination. DNA polymerases involved in DNA A) .~~)~ with increasing steric bulk for probing steric effects on DNA polymerase function (Figure 1 A) .[4 l We employed alkyl groups to minimize the potential effects of the modification on hydro- B) B:A,T replication achieve selective information transfer to the offspring according to the WatsonCrick rule with intrinsic error rates as low as one mistake within one million synthesized nucleotides. [ Figure 1 . A) Size-augmented 2'-deoxynucleoside-5'-triphosphates as steric probes. B) Models showing the increasing steric demand of the 4' -resid ues (blue) for the six nucleoside derivatives visualized by a Connolly surface by using SYBYL 7.2 MOLCAD module. C) Graphic representation of the distances of the van der Waals radii between DNA and protein for KlenTaq DNA polymerase. The separated surfaces were calculated from PDB files (lQSY for dATp, lQTM for TTP) by using SYBYL 7.2 (Tripos) . View of the nascent base pair (incoming and templating nucleotides). The blue sphere illustrates the modification position. The distance-colour scale is given in the figure. ly larger thymidine analogues to investigate sterics and polar effects within the active site acting on the nucleobasePl They used non polar nucleobase surrogates with a limited ability to form hydrogen bonds. Moreover, the size of these compounds increased incrementally through halogen substitution of the oxygens of thymidine. We have developed and utilized 4'-alkyl-modified thymidines [a) F. Streckenbach, Dr. G. Rangam, Prof. Dr. H. M. Mol/er, Prof. Dr. A. Marx gen bonding patterns and nucleotide confirmation. Both approaches suggest varied contributions of steric effects on DNA polymerase selectivity. One long-known but poorly understood feature of DNA polymerases is that enzyme selectivity can also vary depending on the orientation of the nascent nucleobase pair.[ld,S.6l Only a few mechanistic in sights into the origin of this observation have been obtained in the past. [6 l Similarly to mismatch processingpl varied conformations of the enzyme-substrate complex imposed by subtle degrees of geometric difference of the nascent nucleotide pairs might cause the observed effects. Herein, we describe the first investigations and insights along these lines by employing new steric probes.
Until now, only 4'-alkylated thymidines were employed in functional studies of DNA polymerases ( Figure 1) . Figure 1 C illustrates the position of the modification as a blue sphere inside the active site of a KlenTaq DNA polymerase (PDB ID: 10S¥, 1 QTM). A graphical representation of the two complementary nascent base pairs dA-TTPIT-dATP is depicted. In order to investigate steric effects on DNA polymerases as a function of nucleotide pair orientation, we synthesized the complementary deoxyadenosines (dA). Indeed, by employing the T-and dA-derived steric probes in functional DNA polymerase studies, varied actions of DNA polymerases on these steric probes were observed.
First, we set out to synthesize the respective steric probes dA RTP (Figure 1 ). We developed a route that allows the efficient synthesis of the corresponding TRTP analogues as well. Our approach is based on a strategy we recently developed for the synthesis of 4'-methyl-and 4'-ethyl-2'-deoxyuridines. [8] Following a similar strategy allowed for the synthesis of the target compounds (Scheme 1). Starting from the intermediates 2a/b, which are readily available on multigram scale, we successfully introduced the respective nucleobase by Vorbruggen glycosylation to yield 3 a/b-A/T.[9] Next, saponification and de- oxygenation of the 2'-hydroxyl group followed by cleavage of the protection groups yielded 1 a/b-A/T. We note that, for the successful hydrogenolysis of the benzyl ethers in 4a/b-A, basic conditions were required in order to suppress side reactions that occur to a significant extent in the absence of NaOH, The corresponding triphosphates were synthesized employing standard conditions,u°] In order to gain insight into potential effects of these modifications on the sugar conformations, we performed conformational analysis based on 3J H • H values deduced from 1 D 'H NMR spectra recorded in D 2 0 as described by Altona and co-workers (Table S1 in the Supporting Information),u1J Unmodified nucleosides were found to adopt about 60-70 % of the southern conformation [(S)-type] . while 1 a/b-AIT were found to adopt approximately 50% of the (S)-type conformations; this indicates that 4'-alkylation had only a moderate impact on sugar puckering in solution in general. We also note that the observed effects on the conformational equilibria are independent of the nature of the nucleobase.
Next, we tested the effect of probes dARTP and TRTP on the exonuclease-deficient variant of the Klenow fragment of Escherichia coli DNA polymerase I (KF-), a relatively high-fidelity enzyme extensively used as a model in investigations of intrin-'sic DNA polymerase mechanism and function. In addition, DNA polymerase IV of Sulfolobus solfataricus P2 (Dpo4), a member of the error-prone, Y-family, TLS polymerases, was investigated. To monitor polymerase function, we used a gel-based single nucleotide insertion assay, in which a 24 nt primer was designed to hybridize with a corresponding 36 nt template strand that codes for the insertion of the respective canonical dNTP adjacent at the primer 3' end. To gain initial insights, we studied nucleotide insertion qualitatively with different concentrations of the respective dNTP analogues (Figure 2) . In accordance with earlier studies, we found that ~TPs were substrates for KF -and were incorporated opposite the canonical dA. The same was found for the corresponding dARTPs. We note that, under the applied conditions (concentrations in the range of KM)' the gel analysis showed higher levels of incorporation for the modified substrates, probably reflecting the higher k cat values (Table 1) . For both TRTPs and dARTPs, incorporation opposite noncanonical templates was significantly diminished as expected, Steady-state kinetic analysis [ll] of the matched cases showed that dAHTP was more efficiently processed than was THTP in absolute values (see Table 1 ), Interestingly, the opposite was observed for the size-augmented nucleotides. To some extent, size augmentations were better tolerated in the thymidines TRTP (relative efficiencies 4'-alkyI/4'-H) than they were in their dARTP counterparts (see the relative efficiencies in Table 1 ). This effect was most significant for the bulkiest, 4'-ethylated analogues. However, for each nucleotide, the differences between 4'-methylation and 4'-ethylation were small. A partly different picture was observed for Dpo4. Again, alkylated TRTPs were processed more efficiently than were the corresponding dARTP analogues in terms of relative efficiency, while unmodified dAHTP again yielded a higher absolute value. When comparing the relative incorporation efficiencies of dNMeTPs by both enzymes, it was evident that the error-A) 24-mer 5'-GTG GTG CGA AAT TTC TGA CAG ACA unmodified dA H is more efficient 36-mer 3'-CAC CAC GCT TTA AAG ACT GTC TGT NCT GTC TGC GTG than was "f'l. However, the oppo-
KFsite was found for the size-aug- Further experimental details are described in the Supporting Information.
In conclusion, through the development of novel steric probes and their employment in functional DNA polymerase studies, we have gained new insights prone Dp04 processed the bulkier nucleotides with higher relative efficiencies than did KF-.
Interestingly, Dp04 was able to incorporate the ~ residues opposite noncanonical template dG and T with measurable efficiencies under single completed hit conditions.[12J The corresponding dARTP analogues were processed significantly more selective, and only minor amounts of incorporation products were observed opposite noncanonkal templates.
The results presented are interesting in many respects. First, the observation that the error-prone TLS DNA polymerase Dp04 more efficiently incorporated the size-augmented nucleotides than the more selective KF-is consistent with the model that high-fidelity DNA polymerases form more rigid binding pockets that tolerate less geometric deviation while low-fidelity enzymes exhibit more flexibility, which leads to decreased fidelity. This is in agreement with earlier findings. Secondly, for both enzymes, we found that the incorporation of into the complex mechanisms that govern DNA polymerase substrate recognition. These findings provide experimental evidence that packing of the nucleotide sugar residue varies within the orientation of the nascent nucleotide pair as well as in different polymerase families. These findings also support the model of varied active site tightness as a cause for the varied selectivity observed among different DNA polymerases. 
